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ABSTRACT. 
A study has been made of the properties of jt d interactions at a 
incident momentum of 6.07 BeV/c. 68,000 pictures were taken and analyzed 
from an exposure taken at CERN, Switzerland using the 81 cm Saclay Bubble 
Chamber filled with deuterium and exposed to a beam from the P.S. 
accelerator. The total cross section for Jt^d interactions is 52.8 + 1.6 mb. 
The 3 and 4 prong events have been measured and partial cross sections for 
final states of pion production are: a(PPn^ jt ) = 1.42 mb, a(PPjt^ jt jt°) = 
1.4l mb, and for n > 1 cr(PPj(^n nit°) = 1.65 mb. 
The impulse approximation was found to be valid for over 80 per cent 
- 4* 4* «• 
of the events in the reaction 7t+d-»P^ + P+ jt + jt. These events were 
considered as interactions of with free neutrons or + n ^  P + a* + a . 
This interaction can be considered quite peripheral with over 90 per cent 
of the scattering in the «"""n rest frame at angles less than 25 degrees 
(cos 0p > 0.9). The reaction was investigated for resonance production. No 
evidence is found for production of N resonances. This is consistent 
with predictions from first order Feynman diagrams for the reaction. The 
cross section for the production of N* was difficult to determine because 
of dipion resonances and the non resonant production of ic . Estimated cross 
section for N^  (1238) is a(N*) < 70pJb and for N (1512) is a(N ) < 75p.b. 
This is consistent with near zero cross sections reported at lower energies. 
Dipion resonant production is the major feature of the production 
process. The known dipion resonances p and are very evident and in 
addition we have evidence for a new resonance, g. 
Listed below are properties of the dipion resonances found in this 
i  X  
experiment. 
• RESONANCES 
Property 
o 
P f° g 
Mass (MoV) 781 ± 7 1266 + 13 1670 + 20 
Width (MeV) 138 + 24 120 + 40 110 + 60 
Cross Section ([ib) 380 + 18 206 + 14 40 + 7 
Exponential Slope Factor 
(BeV/c)'^  
8.6 9.4 10.2 
O.P.E. Test inconsistent Consistent Inconsistent 
Predictions from the absorption model were applied to the f° resonance. 
The model provides an explanation for discrepancies in the decay angular 
distribution of f°. However the model predicts a cross section 5 times 
greater than the experimental results and the t dependence predicted for 
the differential cross section is not consistent with, the experimental 
results. 
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I. INTRODUCTION 
A. Resonances 
Resonances are unstable particles which decay very rapidly (half lives 
in the order of 10 sec.). The state of a resonance is described by 
quantum numbers such as B, I, J, S, and P. B is the Baryon number, I is the 
isotopic spin (1^ = charge state), J is the intrinsic angular momentum, S 
is the strangeness, and P is the parity. These definite quantum numbers 
must be conserved in a decay process (i.e. between initial and final state 
AB = 0, Alg = 0, AJ = 0, AS = 0, and AP = O). The determination of these 
quantum numbers is considered necessary to establish a resonance. A partial 
list of known resonances with their quantum numbers and other properties 
(most of which are referred to in the following) is given in Table 1. 
Table 1. Resonance particles 
Resonance Width 
(MeV) 
Mass 
(MeV) 
J B P S 1 Compo­
nents 
m 
< 10 548.7 0 0 - 0 0 3 « 
P s 1C6 763 1 0 - 0 ] 2 « 
eu ° 
n 
9.4 782.8 1 0 - 0 0 3 It 
f s 100 1253 2 0 + 0 0 2 K 
: 125 1238 3/2 1 - 0 3/2 N It 
: 125 1510 3/2 1 + 0 1/2 N It 
A resonance particle traveling at the speed of light would travel 
about a nuclear radius during its half life, so these particles cannot be 
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observed directly (i.e. using a bubble chamber, emulsions, or any other 
detection system). Its existence and properties must be deduced from the 
initial and final states of a reaction, with the resonance being an inter­
mediate state. What are some techniques used to determine its existence? 
in order to understand the general technique let us look at particle A at 
rest decaying into observed decay products a, b, and c. We now record the 
energy distribution of particle a and find the distribution shown in 
Figure 1. We can say two reactions took place in the decay of A. 
Probability for 
particle a 
Figure 1. Decay illustration 
A -» a + b + c 
A —> a + d 
I—fc-b + 
( 1 . 1 )  
(1.2) 
In reaction (l.l) the energy of decay is statistically divided between 
three particles giving a distribution of events ranging from 0 to E^ . In 
reaction (1.2) however, where particles a and d were formed and decayed 
into b + c, conservation of energy and momentum require the particle a to 
have only one energy, E^. Thus, although we may never observe particle d, 
it is implied by the spike in the distribution of particle a in Figure 1. 
Let us look at reaction (l.l) and (1.2) in another way. The relati-
vistic energy relationship 
E^ = (1.3) 
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can be solved for the mass 
- pVC^ (1.4) 
and hence the effective mass M can be determined for the particle d(b+c), 
= (E^ + E^) - (Py + Pg)^/cf (1.5) 
We note that for reaction (1.2) the effective mass is unique while for 
reaction (l.l) the sum of momentum and energy is not unique. This implies 
that the resonance should appear as a spike when looking at the effective 
mass distribution of the decay products. However, for strong decays 
(At~10 ^ s^ec) the uncertainty principle, AEAt ~ A requires a mass width of 
2 
the order of 100 MeV/c . Indeed all resonances do have characteristic 
widths. 
A similar technique is used to show the existence of resonance particles. 
If one assumes that a resonant state does not exist, the distribution of 
products in the final state can be determined from the conservation of 
energy and momentum or by the statistics of phase space. We take equal 
volumes of phase space to have equal A priori probability. We then determine 
the expected distribution of effective mass for any combination of reaction 
products and compare it with experimental distribution. Once one finds an 
experimental deviation from the phase space distribution he has evidence for 
a resonance. This must be checked for bias due to many factors, such as 
other resonances due to different combinations in the final state or exper­
imental error. We have applied this general technique to the reaction 
:n: + n-»P + ^  + n at incident it momentum 6 BeV/c. 
B. Brief History of ir-Nucleon Reactions 
The study of pion interactions is of great interest today. An under­
standing of their properties is a key to formulating and testing theories 
for a general understanding of nuclear matter. Results of early experiments 
involving pion-nucleon interactions showed that in the pion-nucleon systems 
1 2 
small angle scattering is the dominant process. ' In order to gain a 
general understanding of this process and its interpretation let us look at 
elastic scattering of two spheres of different masses, where the pion is a 
light sphere and the nucléon is a heavy sphere. The heavy sphere carries in 
the periphery of its outer surface a pion sphere equal to the incident pion. 
In the Co m. set of coordinates the incident sphere (pion) and heavy sphere 
(nucléon) are heading towards one another with equal momentum, |P^| = |. 
Instead of scattering off the heavy sphere (nucléon) the incident pion 
scatters from the peripheral pion (light sphere). This would lead to the 
light sphere scattering dominantly towards its forward direction. Thus the 
early results which showed dominant small angle scatters were interpreted 
as a pion-pion interaction resulting from a peripheral process. The peri­
pheral process is defined as one in which the incident pion interacts with 
a target pion formed in a virtual state in the nucléon, and is characterized 
by low 4 momentum transfer (t). 
t - (Pw - PiJ)^ - (EN - • C.Q 
Here, = momentum of nucléon before interaction, = momentum of nucléon 
after interaction, Ej^ = energy of nucléon before interaction, and Ej^ = energy 
of nucléon after interaction. 
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Information from single pion production experiments leads to a similar 
interpretation of the data.^'^ For example, if one wishes to study the 
interaction of dipion systems of charge zero, one possible experiment would 
involve the reaction 
: t + n - * P  +  3 t + a t  .  ( 1 . 7 )  
In the interpretation of this as a peripheral process, one attempts to 
justify considering the target neutron as dissociating into a proton and a 
- + 
virtual it . The interaction of the incident it is considered to be with 
the virtual jt and with enough transfer of energy to allow the it to escape 
from the neutron. Diagramatical.ly this would be shown in the Feynman 
diagram. Figure 2, 
Figure 2. Feynman diagram for it + n P + it +it 
The process of single pion production was given a theoretical analysis 
by Chew and Low^ commonly called the one pion exchange model (O.P.E.). 
Predictions based on the O.P.Eo of Chew and Low have been successful in 
interpreting some single pion production experiments.^^^ However, at higher 
energies and reactions involving resonant production the model is unsuc-
g 
cessful in interpreting the production process. The process is still 
peripheral, illustrated by the dominant small angle scattering in the pion 
nucléon system, but the explanation must involve particles other than pions 
in the exchange process. It is believed that the exchange particle is in 
ô 
virtual state in the periphery of the nucléon, which means the outer core 
of the nucléon must be considered as having other particles such as dipion 
resonances which play a role in interpreting high energy experiments. 
The search for dipion resonances has been the object of many experiments. 
The first known dipion resonance results in the p meson at a mass of 765 
g 
MeV, and this has been studied in many experiments. The spin 1=1 was 
ascertained by Stonehill et al.^^ from the production ratios of p mesons in 
the reactions 
jt + P -• 3t + + P (1.8) 
and jr + P -• + n (1.9) 
at several energies. This spin was confirmed by Zorn'' in the reaction 
P  +  P - »  j t " ^  +  « * ^  +  d  ( l . l O )  
in which the p meson was observed in the effective mass of system. 
The 1 spin is one since the system is a pure I = 1 state. The 
intrinsic J spin also was determined by the angular distribution of the jtjr 
12 
scattering in the rest system of the charged p meson. The scattering 
angle 0 is measured in the rest frame of the p meson and with respect to 
2 
the incident particle, with the best fit to the data involved a cos 0 
dependence. This type of dependence is expected for spin 1 particles 
decaying into two spinless mesons. Although the angular distribution of 
the scattering in the charged state of the p is quite symmetrical, the 
corresponding distribution of the neutral p is very asymmetrical about 
13 
90 degrees. From parity considerations symmetry is expected for any pure 
7 
resonance state, and the asymmetry can be due to interference with another 
state and different types of interferences have been suggested: 
1. The interference is between p and a I = 0, J = 0 pion-
14 
pion scattering state as suggested by Islam and Pinon. 
2. The interference is between p and a I = 0, J = 0 scalar 
meson €° (suggested by Durand and Chiu^^). 
3. The interference is between p and a I = 0, J = 1 state of 
the uj resonance decaying into a 2 pion state. 
13 
4. Litvak has determined the best fit to the decay angular 
distribution in the mass region of P includes J = 0 and 
J = 2 states, as well as J = 1, for the reaction 
7C + P -» n + p° at 1.59 BeV/c. 
5. Eberhard and Prepstein'^ have suggested that pion-nucleon 
experiments might explain their asymmetry in terms of 
competing isobar production. 
is is uncertain which, if any, of the above considerations gives the expla­
nation of the neutral p meson asymmetry. Thus one of the first resonances 
observed is not fully understood and needs more study. 
A higher mass dipion resonance has recently been reported by Veil let 
et al.^^ it has been given the name f° meson. It was observed in the 
reaction n" + P -+ K"*" + it~ + n at 6.1 BeV/c. The present spin of 2 and 1 = 0 
19 20 
was suggested by Benson et al. and Bondar et ai. Its existence in 
the It + P-»« +jt +jt + P reaction has been questioned by Miller 
1 21 
et al. 
• Further study of the dipion system is needed for clarification of the 
s 
above mentioned resonances and the observation of possible higher mass 
dipuon resonances. One of the best experiments for observing dipion 
resonances in the 1^=0 state is the reaction 
:(^  + d -* P + P+x^  + Jt . (1.11) 
Making use of the impulse approximation, we can consider one proton as 
non-interacting and reduce the reaction to (1,7)* This is charge symmetric 
to the reaction 
r t + P - ^ n  +  i t + r t " * " ,  ( l ,  1 . 2 )  
Events of reaction (l.ll) have a greater constraint on the kinematical 
fitting procedure than events of reaction (1.12). Also kinematic fits to 
an event of reaction (1.12) involve a neutral particle which can lead to 
ambiguity in determining the final state. This experiment covers the 
effective mass of final state dipions up to 2 BeV and a corresponding four 
momentum transfer distribution to the neutron up to 1.3 (BeV/c) . Thus an 
effective search for higher mass dipion systems can be made. 
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II. PRINCIPLES IN THE USE OF DEUTERIUM 
Ao Impulse Approximation 
The use of complex nuclei as a source of nucléons to study nucleon-
nucleon or pion-nucleon interactions has certain restrictions. Theoretical 
22 23 
assumptions have been given by Chew and later by Chew and Wick in a 
paper titled "The Impulse Approximation". These, theoretical assumptions 
are the following: "(l) the incident particle never interacts strongly 
with two constituents at the same time; (ll) the amplitude of the incident 
wave falling on each constituent (nucléon) is nearly the same as if that 
constituent were alone; and (ill) the binding forces between the constituents 
of the system are negligible during the decisive phase of the collision, 
when the incident particle interacts strongly with the system". 
From these assumptions we can make checks on the applicability to our 
experiment. Checking assumptions (I) we state that the probability of the 
pion interacting with a neutron and proton at the same time is small. This 
depends on the effective range of the pion-nucleon interaction. It is 
reasonable that at high energies the cross sections are related to the 
effective range of interaction by: 
= a-(rtN) (2.1) 
wherep= effective range of interaction. Roughly speaking, assumption (l) 
can be stated as requiring that the pion-nucleon cross section be smaller 
than that given by the mean internucleon distance. Thus the check on 
assumption (!) becomes: 
10 
c(*N) 
< 1 (2 .2)  
where = mean deuteron radius,a(#N) = pion-nucleon cross section. In our 
2 
experiment this ratio of a (:rtN) to «R^ is 0.08, 
Assumption 11 can be stated as requiring that the pion flux past the 
proton or neutron of deuterium is unaffected by the presence of the other 
(i.e. no screening effect). The screening term given by Chew and Wick is 
(f) (^) , (2.3) 
2 
where a = unitized flux radius given by the expression & (total) = 4ita 
R = internucleon distance, andX= incident pion wave length. In this 
-14 -13 -15 
experiment a = 6 x 10 cm., R = 3.2 x 10 cm., and X = 3»2 x 10 cm. 
-4 
giving a screening term less than 10 . Thus the screening effect in this 
experiment is very small. 
The check on the last assumption may be stated in the following way; 
we want a very small change in positions of the proton or neutron in the 
deuteron during the collision time of the interacting pion and nucléon. 
The collision time can be considered as the time for one wave length, 
associated with incident pion, to pass a fixed point. Thus to fulfill 
assumption III we shall require that the time for one wave length to pass 
the deuteron center be less than the rotational period of the deuteron or: 
 ^< 1 (2.4) 
where X= wave length associated in incident pion (3.2 x 10 cm.), 
V = speed of the incident pion (3 x 10^^ cm/sec.), and T = rotational period 
1 ]  
of the deuteron (3 x 10 sec.). In our experiment the above ratio is 
-3 
3 X 10 J. 
We can conclude that based on theoretical discussion of Chew and Wick, 
the use of deuterium as a neutron source is valid in our experiment. These 
assumptions have been analyzed only semi-quantitatively and give no means 
of determining what fraction of the reactions 
jt + d-*P + P+ jt +ît (2.5) 
can be taken as 
j t  +  n _ ^ P  + r t + x c  ,  ( 2 . 6 )  
^s Ps 
where = non-interacting proton, or so-called the spectator proton. 
However, it does show that from a theoretical view one can use deuterium 
as a source of free neutrons at high energies. 
B, Experimental Checks on the impulse Approximation 
Experimentally one can make checks on the validity of the impulse 
approximation. If the proton and neutron interact independently with an 
incident pion, the momentum of the non-interacting nucléon should be unaf­
fected by the incident pion. Picking events of the type (2,5) we know the 
neutron has reacted giving a proton and « in the final state. If the 
impulse approximation holds the reaction can be written as (2.6). 
As the first experimental check, the momentum distribution of the 
spectator proton must be spherically symmetric in space at all momenta. 
This condition must be met if the spectator proton is to be considered 
non-reacting. Figure 3 shows the plane polar distribution of momenta in 
120° 100° 80° 60° 
X •= 4 EVENTS 
o » I EVENT 
SPECTATOR PROTON MOMENTUM (MEV/C) 
Figure 3» Plane polar distribution of the spectator proton 
momentum 
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space for in our data. The events in this distribution contain both 
4 prong events with 2 protons visible and 3 prong events with only the 
faster proton visible. The 3 prong events in this distribution are those 
with spectator proton less than momentum 80 MeV/c. The momentum is found 
Tpem eeflsepvatleft lawo energy oRâ mamemtum. this dlstrtbutlan Id Fndda 
from this "fitted" momentum of the spectator proton. The distribution is 
symmetrical up to 300 to 350 MeV/c after which the distribution becomes 
peaked towards the direction of the incident pion. The peaking forward is 
an indication that in these events the spectator proton has undergone 
interaction. 
Secondly the momentum distribution of the spectator proton should 
follow that given by the momentum representation for the deuteron problem. 
The solution of the deuteron problem has been given by Hulthen, using the 
wave function 
Y(r) = e"°^ (1 - e"(^'')/r . (2.7) 
The Fourier transform of this which gives the momentum representation is 
0 (k) = C —2 + T"'—^  
a + k p + k 
2 2 
where a = -Em/A > E = binding energy of deuteron, C = normalization 
constant, P = (a + M/2), and M = mass of the proton. The probability that 
a proton of momentum k lies between k and k + dk is P(k). 
P(k) = 4nk^  I 0 (k) 1  ^dk (2.8) 
Figure 4 shows the Hulthen momentum distribution and the experimental 
momentum distribution. The comparison of the distribution predicted by 
240 
210 
U-HULTHEN 
180 
o 150 
 ^120 
(/) _ 
I- 90 
30 
0 
100 300 400 200 500 600 
SPECTATOR PROTON MOMETUM (MeV/C) 
Figure 4. Laboratory momentum distribution of spectator proton. The curve 
represents the Hulthen wave function. 
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Hulthen to the experimental distribution shows two things. First more 
occur at high momentum than are predicted by the Hulthen distribution. This 
is evidence that not all events fit the impulse approximation. Second the 
peak of the Hulthen distribution occurs at 50 MeV/c while the exper imental  
data peak around 60 MeV/c; thus there is a slight shift in the peak towards 
higher momenta. The reason may be the model upon which Hulthen based his 
equations for solving the wave function of the deuteron, or may be an 
experimental bias in which we have lost events from the lower momentum 
region. There is evidence that the fitting which is done in 3 prong events 
tends to shift the resulting momentum to higher values (see page 19). 
C. Momentum Cut-Off 
The two tests of the data show that probably some error exists in 
assuming that a true spectator proton exists. The discrepencies in the 
region of spectator proton momenta above 300 MeV/c may be due to the 
incident interacting with the deuteron as a whole or to secondary inter­
actions. These secondary interactions are between the "spectator" proton 
and the products of the primary interaction of pion-neutron. For example 
the may interact with the neutron producing a 7t which then 
interacts with the "spectator" proton before leaving the deuteron volume. 
Since both spatial and momentum tests failed in this high momentum region, 
events whose slower proton is greater than 300 MeV/c will be ignored when 
discussing reaction (2.6). This cut-off in spectator momentum gives 
better assurance that we have pion-neutron interactions. 
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111. EXPERIMENTAL PROCEDURE 
A. Exposure 
The exposure took place at CERN using the 8l cm Sad ay Bubble Chamber 
filled with deuterium and exposed to a beam (called the 02 beam) from the 
CERN P.So accelerator. The chamber operated at 25°K giving a minimum ioni­
zation bubble density of 13 per cm. The magnetic field over the chamber 
volume was 12,000 gauss. Tracks of the beam measured over the available 
length of the chamber gave a mean momentum of 6.07 Bev/c with a Gaussian 
distribution width of "error" of .03 Bev/c. 
A total of 68,000 pictures were taken and analyzed at CERN, Switzerland 
and Ecole Polytechnique, Paris, France. Each laboratory analyzed approxi­
mately one-half of the data. 
B. Selection and Scanning of Events on Film 
The deuterium film was scanned by means of projection tables. Each 
table has 3 film projectors for projecting onto a table any one of 3 views 
taken of the bubble chamber. The scanners were given the following general 
i nstruct ions: 
lo Count the number of passing tracks and the number of 
events (including single scattering) on every tenth 
picture. This is done in order to measure total and 
partial cross sections, it was done over a region of 
the film corresponding to an effective volume-length 
in the bubble chamber of about 3' cm The reduction 
in interaction length from 81 cm to 31 cm of the 
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chamber was done to insure higher precision measure­
ments of high energy tracks. 
2. Identify and photograph all 4 prong events (4 visible 
tracks leaving the center of interaction). Also, 
idfentify and phetograph all 3 prong events (3 visible 
tracks leaving the center of interaction). These 
events include all topologies that are possible for 
•f" "Î" •" 
observing the reaction « + d-+P + P+ K + -JÎ +  
neutrals. The 3 prong events are included in the 
topologies because they contain events in which the 
spectator proton had a projected momentum too small 
to be visible or measurable (momentum less than 
80 MeV/c). 
Two scans were made on all films from which the efficiency of the 
scanners was determined. 
C. Measurement and Fitting Procedure 
Scan records of events were given to operators of specialized digitized 
projection machines called lEPs. The operators measured known points of the 
bubble chamber (fiducial marks) along with numerous points along the tracks 
of each event on each of three stereoscopic views. This information is 
given as input to the computer for the geometrical reconstruction of each 
measured event. The geometry and measured momentum of tracks from an event 
are used along with conservation of evergy and momentum to kinematical1y 
fit the possible reactions. A total of some 4,500 events were measured and 
analyzed by computer using Thresh-Grind-Slice-Sumx system of programs. 
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1. 4 prong events 
The kînematical program Grind tried fitting the 4 prong events (1,948 
events) to the following reactions 
Ti + d -» P + P + jt , (3.1) 
a* + d - P + P + K* + K" , (3.2) 
and + d -* P + P + ir + it + « (3«3) 
Kinematical separation of the events from the various reactions above was 
very good. The events having kinematical fits to both reactions (3.1) and 
( 3 . 2 )  is less than 0.4 per cent of the total fits to reaction ( 3.I). The 
kinematical fits to ( 3 .2)were very small. The events having kinematical 
fits to both reactions (3.1) and (3.3)are much higher (about 10 per cent 
of the total fits to reaction (3.1)). Further separation of these double 
2 
fits by X difference, error consistency, and ionization comparison between 
double fits reduce the overlap of fits to 6 per cent of the total number of 
fits to reaction (3.I). Thus the unambiguous fits to reaction (3.I) are 
greater than 90 per cent. 
Some events having kinematical fits to reaction (3.3) can be events also 
consistent with the production of another neutral particle such as a jt°. 
The background was found by looking at the missing mass of the 4 prong 
events assuming the final state to be 4 charged particles (2 protons visibly 
identified by ionization plus 2%'s). The missing mass (MM) being defined by 
the relativistic invariant equation 
(MM)2 = (Ef - E.)2 _ P^ - P.)2 (3.4) 
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where = measured energy of 4 particle final state, E. = measured energy 
of initial state, n"*" plus deuteron, = measured sum of vector 3 component 
momentum of 4 particle final state, and P. = similar to except for the 
initial state. We then looked at the missing mass distribution of events 
with a fit (peaeïlôtî (3.3)) aaa the missing mass dîôtpîbutlan far events 
having no fits. Putting these two distributions together we estimated the 
background in the missing mass region of the fitted distribution by an 
extrapolation of the distribution having events with no kinematical fits. 
We estimate the background contamination of other neutral particle production 
in reaction (3=3) to be about 6 per cent. 
2. prong events 
The fitting procudure for 3 prong events was handled different from the 
4 prong events. These events had 3 outgoing tracks, one track visibly 
identified as a proton and two other tracks usually close to minimum ioniza­
tion. If we assume all tracks to be from singly charged particles, then by 
conservation of charge, we must have another track due to a fourth singly 
charged particle. It is reasonable to take the missing track as that made 
by a low energy spectator proton. Thus 3 prong events were put through a 
fit procedure in which a fourth track was taken to be of unmeasurable length. 
The fit procedure assumed the existence of a charged particle whose track 
was near zero length. This fitting procedure was checked with 200 4 prong 
events. The 4 prong events had a slow proton of around 100 MeV/c measured 
momentum or less. These events were treated as 3 prong events by leaving 
out the measured values of the spectator proton. The kinematical fits as 
3 prong events were consistent with the kinematical fits as 4 prong events. 
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HoweverJ the events treated as 3 prong had a slight shift in the momentum 
distribution of the slow proton towards higher momenta over their corres­
ponding distribution as 4 prong events. This was only a statistical shift 
of 5 MeV/c at a mean momentum of 97 MeV/c. This could account for some of 
the distribution differences between those expected by the Hulthen distri­
bution and our experimental distribution of momentum for the spectator 
proton. 
We have submitted all 3 prong events with 4 body fits to an additional 
test. We define a quantity A-test as 
) . M* («*%") 
A-test = . (3.5) 
Here: 
MM^PPp "(Eo-Eps-Ep)' - , 
= energy of initial it d state, 
Ep = energy of protons in the final state, 
= momentum of protons in the final state, 
P^, P = momentum of protons in the final state, 
E^+, E^_ - energy of pions in the final state, 
P^+, P^_ = momentum of pions in the final state. 
Error = VErj Er^ , 
J  I  J  ' 1  
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AP.j, AE. = errors of quantities due to measurement, 
i = final state of particle, 
and j = momentum component of a final state particle. 
The distribution should be Gaussian about zero for all spectator 
momenta. We have taken the expression for the A-test and integrated out 
the spectator momentum dependence using the momentum distribution given by 
the Hulthen wave function. We have left an expression for the A-test 
dependent only on measured quantities of proton, and jt . 
Looking at the expression for the A-test we see that the production of 
neutral particles in any of the accepted events will give a positive value 
for the A-test. Thus we expect the A-test distribution to the left of the 
origin is statistical or Gaussian. The distribution to the right of the 
origin will contain events having a possible neutral particle production 
plus the Gaussian distribution. One standard deviation lies between A-test 
= + 1. We have eliminated from our data events whose A-test is greater 
than 3' The reduction of events in the 4 body final state P is 
3 per cent of the total. 
Since we found no significant difference in the fits of 3 prong and 
k prong events we will combine the events of 3 and 4 prongs in future 
discussions. The addition of 3 prong events to the 4 prongs has more than 
doubled our statistics. 
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3. General fi t rout i ne 
Fits to all events (Grind output) were checked in the following manner: 
1. The difference between measured momenta of tracks and 
their corresponding fitted values was consistent with 
thei r eprers. 
2. The ionization of tracks was consistent with that 
expected for their energy. Both final state protons 
were identifiable by their ionization. 
3. All fits to 2 pions in the final state had a proba­
bility greater than 10 per cent. This probability 
2 
was based on the X for the missing mass of the 
event and the constraint on the fit. 
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IV. GENERAL RESULTS 
The total cross section was determined from the effective volume used 
in the bubble chamber, the number of tracks passing through the effective 
volume, and the number of interactions. The determination of cross section 
was corrected for scanning efficiency (3 percent of the total) and small 
angle scattering (4 per cent of the total). The total cross section found 
was 52.8 + 1,6 mb. 
The 3 prong events with one proton visibly identified and 4 prong 
events with two protons visible were further classified into one of the 
three reactions: 
"i" — 
Jt + d -•P + P+ Tt +7t j (4.1) 
"i" •• O 
It + d -* P + P+ Ot +3t j (4.2) 
or St + d -» P + P + it + nrt*^ (n > l) (4.3) 
Table 2 gives the number of 3 prong and 4 prong events in each of the 
reactions. 
Table 2, Distribution of events by reaction 
0 jt 1 ir"- > 1 Total 
3 prong 
4 prong 
Total 
Cross Section (mb) 
872 
549 
1421 
1.42 
(769)" 
654 
1414 
1.41 
(899) 
754 
1653 
, 6 5  
2540 
1948 
4488 
4,49 
' In these channels the events are distributed by ratio in the 4 prong 
events distribution in corresponding channels. 
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We have taken only those events with proton momentum 1.3 BeV/c or less. 
The cross section has not been corrected for loss of events due to proton 
momentum cut off. Figure 5 gives the momentum distribution for the reacting 
proton (assumed to be the faster of the two protons in the final state). 
We estimate that the correction would be small. 
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Figure 5. Momentum distribution of faster proton in the laboratory system 
for the reaction + d ^  + P + %+ + 
V. RESULTS OF THE REACTION it + n - P + rt'+it 
A. General Discussion 
In order to insure that the impulse approximation is valid in the data 
we have eliminated certain events in which the existence of a spectator 
proton is not clearly established (P^ momentum > 300 MeV/c). This eliminates 
about 14 per cent of the events. In addition 3 per cent of the 4 body events 
that failed the A-test were taken out of our 3 body final state. 
The number of events to be considered is then 1134. The analysis of 
the data is based on 1046 events, as are the resulting graphs. This 
difference is due to remeasured events which passed Grind but whose results 
were not included in this statistical analysis. 
The production process for this reaction is very peripheral. The 
production angle of the final state system in the C.M. system of n^n is 
very forward. C.M. is defined by a set of coordinates in which the sum of 
the momenta of the system is zero. The cosine of the angle between incident 
and the final state k"*" is greater than 0.9 in over 90 per cent of the 
events. The momentum distribution of the particles in the final state 
«4" 
Pjt It is shown by figures 6a, and 6b respectively for P, a , and it . 
B, Effective Masses of the Final States 
The effective mass distribution of the « n system is shown in Figure 7. 
We see the p resonance in the mass region of 750 MeV and the f° in the mass 
region of 1250 MeV. Also an enhancement is seen in the region of 1700 MeV, 
The enhancement will be called g. in Figure 7 we have shown a modified 
phase space which is normalized to the background events outside p and f°. 
2/a 
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LU 20 
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Figure Sa. % momentuip distribution in the laboratory system for the 
reaction it + n ^  P + + a" 
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Figure 6b. it momentum distribution in the laboratory system for the 
reaction + n ^  P + 
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The phase space was modified for the peripheral nature of the reaction and 
for an upper limit in 4 momentum transfer. First, contributions of events 
to phase space were weighted by a factor e^^» Here t is the 4 momentum 
transfer of the incident st to the dipion system. The term A is determined 
by the experimental distribution of 4 momentum transfer outside the dipion 
resonance regions. Our data roughly fits with A = 5 (BeV/c) Secondly 
we have an upper limit on 4 momentum transfer because of the cut off in the 
proton momentum. This cut off in proton momentum corresponds to a 4 momentum 
2 
transfer (t) of 1.34 (BeV/c) . We have used this cut off in our analysis 
of phase space. 
The statistical significance of the enhancement In the mass region 1.7 
BeV is of the order of 3 standard deviations or 35 events above background. 
The production of resonances is a very peripheral process. Indeed all 
established resonances have been produced at low t. The shaded events of 
Figure 7 show the effective mass distribution of events having 4 momentum 
transfer (t) less than 0.2 (BeV/c)^. The resonance p and f° and the enhance­
ment (3 still remain sharp while the background is reduced. Figure 8 gives 
a two dimensional plot of dipion effective mass versus t for all events. 
One sees a clustering of events in the regions of P , f°, and g. 
The decay products of a resonance with no background should have 
forward-backward symmetry in the c.m. of the resonance. Figure 9 gives the 
variation of the asymmetry parameter, (F - B)/(F + B), as a function of the 
dipion effective mass. We define this asymmetry parameter as the correlation 
•J" 
between the direction of the incident « and the outgoing n in the dipion 
rest frame. For a resonance the correlation vanishes, and the asymmetry 
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parameter goes to zero. The asymmetry parameter is positive in the region 
of the p drops toward zero in the region of the P and drops toward zero just 
outside of the mass region of p (p mass region O.650 to 0.850 BeV). The 
parameter has a high positive value at 0,95 BeV and then drops nearly to zero 
over the entire mass region of the f*^ (f° mass region 1,150 to 1.350 BeV). 
The value is lowest at the central mass of f° and the adjacent points are 
symmetrically located indicating a resonance having little interference with 
background. An estimate of the background in this region is difficult 
because of resonances on both sides of f^, the p and g. However the low 
value of the parameter in the region of f° indicates the background is low 
in comparison to the amount of f°. 
After the f° mass region, the asymmetry parameter rises towards one 
corresponding to a peripheral process for which the incident jc conserves 
most of its momentum. However, there is an indication in the 1.6 mass 
region that the rise is perturbed with one point lying off the otherwise 
smooth line by about 2 standard deviations. This is an independent indica­
tion for a resonance, since any fluctuation in background in the g region 
would not lead to a drop in the asymmetry parameter. 
"5" " 
Figures LOa and lOb represent the Pit and Pn effective mass distribution. 
The kinematical reflection of the resonances p and f° leads to a distortion 
of the distribution. In general these distributions show a minimum in 
regions where phase space would be a maximum. The accumulations at both 
ends of thé distributions are due to isobar production or reflections of 
the dipion system, peripheral production of % , or any combination of these 
processes. 
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C. Isobar Production 
Vf T "t" "* 
The production of the N resonance in the reaction it + n-»P + it -fn 
is difficult to determine because of the pionic resonances and the peripheral 
nature of the reaction. Figure 11 is a Dalitz plot for the reaction 
+ + -
jt +n-»P + 3t There is a dominance of events in the N mass region. 
This is caused by two factors. First, any dipion resonance whose decay 
pions are sharply peaked forward and backward in the rest frame is going 
to be reflected onto the edges of the Dalitz plot. For example the f° 
20 
resonance, spin 2 , has a very large forward-backward peaking in its decay 
(see Figure 22). The reflection of the n back into the C.M. of itn system 
is still forward-backward peaked. This leads to the accumulations of the 
Pît effective masses In the high and low mass regions. Second, the peri­
pheral nature of the nonresonant production of it leads to a peaking of 
forward and « backward and resulting in accumulations at low Rit effective 
masses and highpn"*" effective masses. Thus phase space is not applicable 
to Pit and P It effective mass distributions and we must find other means of 
determining background. 
Figure 12a shows the effective mass distribution of pa* system. The 
shaded region is the N (I238). There is no particular structure in this 
region. Indeed if we look at the distribution in which we have taken out 
the events whose effective mass lies in the p and f^ regions. Figure 
12b, we reduce the lower mass region to a low constant background with no 
structure indicated for N ( I 2 3 8 ) .  
Figure 13 is a Feynman diagram of the first order exchange mechanism 
for the production of N In the reaction it + n -» N + :rt . There is no 
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known meson with 1 > 2 to act as the exchange particle. 
+ 
Figure I3. Feynman diagram for Jt"*" + n -• + « 
On the basis of the exchange model, the production of N should be 
suppressed and experimentally this is verified. 
Figure 14a shows the Pit effective mass distribution. The shaded 
region is the N"(1238) and N (1512). The distribution is quite distorted 
and any attempt to fit 2 body phase space in a 3 body process would lead to 
a very low background. Certainly the phase space must be modified to take 
into account the dipion resonances and the peripheral nature of the 
nonresonant production of tc . This has not been done analytically, instead 
the background will be estimated. Looking at the distribution in which we 
have.taken out the events whose n effective mass lies in the region of 
the p and f°. Figure 14b, the structure of N' remains» The higher mass 
region has been reduced to a nearly constant background. The accumulation 
at the low mass region is rather broad on top of which we see structure in 
the region of the two isobars. This suggests some type of high background 
upon which is superimposed some isobar production. Estimating the back-
ground in this manner the N cross section was determined from Figure 14b. 
This was corrected for loss of events in the p and f° mass region (assuming 
the same rate of production for these events). On this basis an upper 
estimate for the cross section of N (I238) is 70pub and 75;ib for N (1512). 
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Work by Baton et al. in the charge symmetric reaction at 2.75 BeV/c 
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reports no evidence of N isobars (charge symmetric to our N ). Experimen­
tally one observes that at energies beyond threshold for a given reaction, 
the reaction cross section goes down with increase in interaction energies. 
This is a result of two things characteristic of high energy physics. 
First, the total cross section is nearly constant at all energies and 
second, the higher the energy the higher the multiplicities of final states. 
So we expect our cross section for N (I238) and N (1512) should not vary 
much from zero. 
Figure 15 is a Feynman diagram of the first order exchange mechanism 
for the production of N in the reaction + n -• N + The exchange 
particle of the lowest mass is a p, since the exchange,of a would not 
conserve G parity, + + 
 ^ y,fO 
Figure 15. Feynraan diagram for -n + n -» N + a 
Since the p is further off the mass shell, the exchange mechanism would 
favor the production of dipion resonances by pion exchange (provided the 
vertex factors at corresponding vertices are nearly the same). 
Do Dipion Resonances 
Because the production of isobars is small in comparison to dipion 
resonance production, a function, Dist, has been fitted to the it « 
effective mass distribution assuming no N production. Dist is based on 
2^ 
work by J. D. Jackson and has the following general form; 
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m" r.(M*) 
OIST . A PS (I + P, (-) X ^..2 . „*2 2 _ ^*2 2 > 
0 1  O I  1  
Here: Ps = modified phase space (see page 28), M = «:it effective mass, 
the resonance mass, q = the momentum of the K In the An: rest frame 
r. (M."j = r. (q/q s:= spin the iresonance, F. = full width of 
I ^ r 10 o ^ I lo 
the Iresonance, OL = phase space parameter, p. = i^ resonance parameter. 
2 
Dist was fitted to the experimental distribution by a minimum X program, 
where the parameters varied were (X, p., F^jj and M » Figure 16 shows the 
fit for resonance p and f° while Figure 17 shows the fit for resonances p, 
f° and g. The X^ for the 2 resonance fit is 54 for 33 degrees freedom whil 
2 
that for the 3 resonance fit is 4l for 30 degrees freedom. The X only 
slightly favors the 3 resonance fit. In the following discussion, results 
which depend on the resonance fit such as resonance mass, width, and cross 
section are based on the 3 resonance fit. The difference in results for p 
and f° is small between the 2 and 3 resonance fits. 
1. £ resonance 
The mass of the p is found to be 781 + 7 MeV with a width of 138 + 24 
MeV. The width has not been corrected for error in effective mass. The 
central value of the neutral p is higher than that given in resonance 
tables. There appears to be a general shift towards higher mass values 
with higher interaction energy for the p in the reaction « + n -» P + jt +n 
- + - 8 
or the charge symmetric reaction jt + P-»n + 3t + jt. E. Pickup et al. 
— — 
reports the p mass at 740 MeV in the reaction it + P-»n + jc at 1.25 
27 
BeV/c. W, D. Walker et al. reports a value of 7^5 MeV at 2.1 BeV/c and 
35 
100 — 
z 40 
M*(n+n-) BeV 
'V / + —\ 
Figure 16, Two resonance fit for M (a % ) distribution 
40 
100 -
80 -
60 
o 
to 
Ù1 
U_l 
CL 
CO 
g 40 
> 
LU 
d 
20 r-
0 
M^(n+n-) BeV 
" /  +  
Figure 17. Three resonance fit for M (# distribution 
k ]  
28 
Derado et a l .  give 7^3 MeV at 4 BeV/c for the same reaction. Comparing 
this mass change with the mass of the charged p, the mass of the 
neutral p appears to be moving to higher values. A possible explanation 
of the shift with energy is the existence of an unknown resonance of slightly 
higher mais and whôse relative production cross section varies with energy. 
If one assumes that the cross section of the higher mass resonance rises 
faster than the p resonance when going to higher interaction energies, the 
result would be consistent with an apparent energy dependent mass of p° 
which will move to higher mass values with increase in interaction energy. 
The angular distribution for in the decay of p is shown in Figure 18. 
The angle 0 is the angle between incoming and outgoing « in the it TC 
system. The angular distribution is asymmetrical with the peaking in 
the direction of the incident 7t . Experiments investigating the charge 
-  3 1  
symmetric reaction find the peaked in the direction of the incident ir 
A search has been made for evidence of a scalar i = 0 meson in the mass 
region of the p. A scalar meson resonance of spin 0 has the same differen­
tial cross section for all cos 0 while a pure spin 1 resonance goes to 
zero at cos 0=0 (neglecting absorption effects). Thus the scalar meson 
s t r u c t u r e  s h o u l d  b e  m o s t  e v i d e n t  i n  t h e  e q u a t o r i a l  r e g i o n  o f  c o s  0 = 0 ,  
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ihis idea was used by Hagopian et al. in which they report finding 
evidence for a 2it resonance at 7 2 0  MeV in the reaction it + P-»n-rit -fjc. 
We have used an identical cut for the equatorial region of [cos 0 |<0.3. 
Figure 19 is the effective mass distribution with this cut in Cos 0 and 
for 111< lOM^ . Our effective mass distribution shows the p peak shifted 
towards a higher mass, 800 MeV. 
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COS a" 
Figure 18. angular distribution in the n'jt system for the mass region 
of p, [650 MeV < M" (%+%-) ^  850 MeV] 
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The position of the peak is at the value expected for oi. However it 
is very unlikely to be u) because of three factors. One, the estimated 
branching ratio W -* 2TÎ is an amount too small to produce any noticeable 
effect in our distribution. Second, the w is a very narrow resonance which 
would produce a spike In the central region and not the rather broad 
accumulation seen in Figure 19. Third, the w is a spin 1 particle in which 
the expected distribution should go to zero in the region Cos 0 = 0 in the 
same manner as p. Neither does the effect of N interference explain the 
observed asymmetry of the neutral p. Cutting out events in the N mass 
region 1.0 to 1.65 BeV leaves the angular distribution of vT for the remain­
ing events in the p mass region is still peaked forward. Our evidence favors 
an interference of a scalar dfpion whose mass is only slightly higher than 
the psuch as the of Durand and Chiu^^. An analysis similar to that of 
Durand and Chiu, has not been done on our data. 
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Trieman and Yang have given a test which is necessary for a reaction 
to be interpreted on the basis of one-pion exchange model. Since the pion 
is spinless its exchange can impart no information about the production 
plane at either vertex and so the planes formed by the particle trajectories 
at the two vertices must be uncorrelated. The angle between these two 
planes is called the Trieman-Yang angle, (see Appendix A). Figure 20 
is the distribution of p events for Treiman-Yang angles between 0 and 180 
degrees. The distribution is anisotropic and thus it is not consistent 
with the test for O.P.E. 
The total cross section for p production in the reaction « +n -» P-ht +7t 
is 380^ 18 Jib. The differential cross section, dcr/dt, is shown in Figure 
At 21. Fitting the distribution to an exponential function e we obtain 
t .  r -
30 
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Figure 2 0 .  i r i ennan-Yang angular distribution for the p mass region 
[650 MeV < M ^ 850 MeV] 
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o -o 2. _T_ resonance 
The mass of the f° is found to be 1266 + 13 MeV and a width of 120 + 
40 MeV. The total cross section for f° production in the reaction 
Ti:"'+n-»P-rrt + is 206 ± 14 iib. The cross section is higher than that 
at 2.75 BeV/c (a(f°) < O.I mb) for a similar reaction^^. This is to be 
expected since at 2.75 BeV/c the production of f° is near threshold. 
Figure 22 is the angular distribution of the f° which is symmetric 
about cos 0=0. The symmetry is evidence for resonance production as 
the dominant process with very little background or background interference. 
2 Vf 2 
The decay distribution favors spin 2 but does not give (1-3 cos 0 ) 
dependence expected of a spin 2 state with no interference or background 
2 
effects. The distribution does not go to zero at cos = 1/3 and the 
equatorial region does not have a cross section as high as expected. 
However, the absorption model predicts a non zero decay distribution in 
which the central peak is not as pronounced (see Section VI). 
Figure 23 is the Treiman-Yang angular distribution for f°. The distri­
bution is consistent with the isotropy expected for an O.P.E. mechanism. 
This is a necessary condition but not a sufficient condition for O.P.E. 
3. ^ resonance 
The enhancement in the region of 1.6 BeV is attributed to a resonance 
called g. Evidence of its existence and properties has been reported for 
this experiment (see Appendix B). 
Additional results have been calculated since the publication. The 
(1-3 COS^ e'-^DEPENDENT 
CURVE 
CO 20 
Li_ 
nJ 
0 +1 
cos 9 
Figure 22. angular distribution in the system for the mass region of f° 
[1.15 BeV < M"(A") < 1-35 BeV] 
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9TY(DECREES) 
Figure 23. Trieman-Yang angular distribution for the mass region 
[1.15 BeV ^  <1.35 BeV] 
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3 resonance fit determines g resonance at I67O + 21 MeV with a width of 
110+60 MeV. The mass is the same as that reported while the widths are 
within statistical errors of each other. 
Figure 24a is the it'" angular distribution for the decay of g in the 
It 3t system. The « angular distribution ts asymmetrical, sharply peaking 
in the foreward direction of the incident 7t . The sharp forward peaking is 
characteristic of the background in this region. This one can see by 
looking at the asymmetry parameter for high it it effective mass values 
(Figure 9). Although the background in general is peripheral, lower |t| 
values predominate (see Figure 7). Thus restricting the data to lower jtj 
values, one eliminates a large amount of background. Figure 24b is the it* 
angular distribution which includes only those events whose |t| < lOM^ . 
The forward peaking (background) is greatly reduced while retaining a near 
isotropic backward distribution. This is further evidence for a resonance 
in the g region. 
Figure 25 is the Trieman-Yang angular distribution. The distribution 
is anisotropic indicating that g production is not consistent with produc­
tion based on O.P.E, The Feynmsn diagrams describing this process must 
include a diagram in which the exchange particle is a vector meson or some 
higher spin meson. 
The differential cross section, is shown in Figure 2 6. Fitting 
the distribution to an exponential function e^^ we obtain A = 10.2(Be \ / /cjr^.  
It! < 10 Mn 
COS d 
Figure 24a 
It' angular distribution 
-J» —• 
in the It 7C system for 
the mass region of g 
[1.5 BaV < 
< 1 . 8  B e V ]  
-1.0 -0.5 0 0.5 
COS 0* 
Figure 24b 
The same as Figure 24a but 
restricted to events with 
I t l  <  1 0  II — ^ 
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Figure 25. Trieman-Yang angular distribution for the g mass region 
[1.5 BeV < < 1.8 BeV] 
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VL ABSORPTION MODEL APPLIED TO f° 
The absorption model makes use of an exchange mechanism and includes, 
4-
in addition, factors which take into account competing channels in the n 
reaction. The exchange mechanism assumes a peripheral natwro fer the n n 
«j» "J" —  ^
reaction. Our reaction jt + n-»P + Tt ri is quite peripheral with more 
than 90 per cent of the events having a production angle whose cos 0p > 0.9. 
The ir' angular distribution for events in the f° mass region is symmetrical 
about cos 0 =0. This is evidence that the f° is produced in an effective 
mass region of little background or background interference. The absorption 
model applied to f° is based on a % exchange mechanism in the production 
process. The Trieman-Yang test for events in the f° region is consistent 
with a one pion exchange mechanism. 
Since the f° in our experiment has properties consistent with assump­
tions of the absorption model, we have compared the predictions of the 
absorption model to the results of our experiment. Professor H. Hogaasen^ 
has provided calculations, (giving the differential cross section and the 
spin density matrix) based on his absorption model for f° production , upon 
which this comparison is based. The total cross section predicted for f° 
production is i.l mb. as compared to the experimental value of 0.206 mb. 
The predicted cross section is about 5 times the experimental cross section. 
^H. Hogaasen, CERN Laboratory, Geneva 23, Switzerland. Absorption 
model. Private communication. 1965. 
'^For those acquainted with his calculation procedure, he has used the 
following values for 7., 7^, C., and c^. 
C. = Cj- = loO 7 • = = 0.0280 
if ' I 'f 
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This result is typical of most comparisons of the predicted cross section 
from the absorption model to the experimental cross sections. 
Figure 27 is the experimental differential cross section for f° produc­
tion with the predicted curve of the absorption model normalized to our 
experimental cross section. The absorption model predicts too large a cross 
section at high | 11 values. Fitting the distribution and the predicted 
At 
curve to an exponential f unc t i on  e  j we find A for the absorption model 
Is 6.4 (BeV/c) ^  as compared to 9.4 (BeV/c) ^  In the experimental distribu­
tion. Table 3 gives a summary of the comparisons made above. 
Table 3 .  Experimental comparison of the absorption model 
Experimental Theoreti cal 
Total cross section (mb) 0.206 1.1 
Exponential slope factor, (A) 9.4 6.4 
(BeV/c)-2 
Figure 28 is the 7t angular distribution In the decay of the f and the 
form of the curve predicted by the absorption model but normalized to our 
number of events. in the calculation of the model, the f° is assumed to 
have spin 2. One sees that the curve is consistent with the data with 
accumulation in the equatorial region dropping off but not going to zero 
around cos 0 = O.58 and rising to maximum at the edges. The distribution 
In the backward region (to the right of cos 8 ••= -l.O) follows the predicted 
curve quite closely. However, a spin 1 prediction would give a curve that 
falls off much more slowly as one moves to the equatorial region. The 
slightly larger accumulation in the forward region of the distribution can 
be caused by a background due to nonresonant production of it . Thus the 
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Figure 27. Differential cross section, da/dt, experimentally and theore 
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Figure 28. jt"'' angular distribution experimentally and theoretically 
for fo 
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absorption modei provides a possible explanation of the observed angular 
distribution and supports spin 2 for the f°. 
The absorption model predicts the spin density matrix elements upon 
which the angular decay probability uj(0 , d^^) is calculated (see Appendix A). 
The matrix elements have a dependence on z. Thus , ) needs to be 
^ • ty 
weighted by our experimental distribution of t. Since all terms of cu(8 
contain only linear terms in the elements of the spin density matrix, we 
have weighted each element in accordance with the distribution of t for the 
f° region. Figure 29 is a two-dimensional plot of versus cos 0 for 
events in the mass region of the f°. In addition, curves of constant 
probability predicted by the absorption model are drawn separating the plot 
into regions 1, 11, and Ml. These regions have the following average 
probabi1i ties: 
Region 1 has ~ 2.5 events per block 
Region li has 1.5 events per block 
Region 111 has 6,0 events per block 
These average probabilities are normalized such that the sum of the average 
probability in the regions times their block area is equal to the number of 
events in the plot. The statistics are not large enough to make quantita­
tive analysis of w(8 but the qualitative features of the distribution 
are in agreement with the absorption modei. The maximum in the equatorial 
region does appear to move from left to right with increase in The 
experimental features of the plot are not in disagreement with the features 
predicted by the absorption model. 
In conclusion the absorption model predicts a total cross section 
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58 
5 times greater than the experimental value. Normalizing to our total cross 
section the differential cross section is comparable to ours in the region 
ItI = 0; however, at larger |t| values the predicted differential cross 
section i s too hi gh. 
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IX APPENDIX A 
26 
J. D. Jackson reports the formula for the decay of a J = 2 resonance 
decaying into two pions as 
W(e*jcp) = S^ (^cos^ 8* - ^ 0^  + 4 sin^ e* cos^ 8* 
+ $22 sin^G* - 2 cos cp sin 28*[Re sin^ 8* + V6 Re Sj^ (cos^8* - y) ] 
- 2 cos 2cp sin^ 8* [2 Sj _j cos^  - -/G Re S^ Q (COS  ^8* - y)] 
+ 2 Re $2 _j cos 3cp sin^ 8* sin 2 8* + $2 _2 cos kp sin^ 6*} (9.1) 
where S.j = spin density elements for a spin 2 particle and Re Sy = the 
real part of the element S.j. 
The angles are defined in the 7(\ rest fame and are pictorial ly shown 
in Figure 30. Jackson defines the quantization axis Z in the direction of 
jt* incident. In this system the azimuthal angle cp is defined by: 
- ' • # • 
where the momentum cross product (q x q +) defines the decay plane and 
*inc ^ 
X ?P) defines the production plane (all momentum terms measured in the 
dipion system). The angle between the two planes is cp and is equivalent to 
the Treiman-Yang angle (hereafter designated as cp^y). Since W(8 ^ cp^y) = 
W(8 , - <P^y)j we need only to define cp^^ between 0 to I80 degrees as done 
by the relation 9.2. 
The angular distribution curve predicted from the absorption model 
was calculated using the following values for the spin density elements: 
I 
.n-VERT 
Figure 30. Diagram illustrating angles 0 and cp for the reaction « +n -• P+it -Ht 
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Sqo = 0.7937, S,J = 0.1015, = 0.001814, = 0.01303, = 0.01356, 
$2 = -0.002753, Sg _2 = -0.0002356, S^ Q = -0.1264, and S, = 0.1904. 
The t dependence of the elements have been Integrated out by weighting the 
elements with the t distribution for the f° region. 
65 
APPENDIX B 
66 
Volume 17, number 3 PHYSICS LETtEHS IB July 1986 
E V I D E N C E  F O R  A  N I ] W  R E S O N A N C E  A T  1 . 6 7  G e V  
C E R N  -  E c o l e  P o l y t e c h n i q u e  C o l l a b o r a t i o n  
M. GOLDBERG *, F. JTJDD **, G. VEGNI ***, H. WINZELER 
CERN, Geneva 
P. FLEURY, J.HUC, R. LESTDSNNE, G.DEROSNY, R. VANDERHAGHEN 
Ecole Polytechnique, Paris 
O r s a y - M i l a n - S a c l a y  C o l l a b o r a t i o n  
J. F.ALLARD, D.DRIJARD, J. HENNESSY, R. HUSON, J. SIX, J.J.VEILLET 
Faculté des Sciences, Orsay 
A. LLORET, P. MUSSET 
Ecole Polytechnique, Paris 
G. BELLINI, M.DICORATO, E. FIORINI, P.NEGRI, M.ROLLER 
Istituto di Fisica and Sezionc INFS, Milano 
J.CRUSSARD, J. GINESTET, A. H. TRAN 
C.E.A., Saclay 
Received 8 June 1965 
Our two collaborations have investigated the 
jr"''):" mass system in the following reactions : 
CERN, E.P. at 6.0 GeV/c 
(in Saclay 81 cm DBC) 
O.M.S. ff'p-• Tor'^'n' at 8.0 GeV/c 
(in EP HLBC with H2 target) . 
These two reactions are charge symmetrical. 
Having observed comparable features in the 1.65 
GeV region, we have decided to publish together. 
The experimental analysis and results for each 
collaboration are presented separately and a com­
mon conclusion will summarize the situation. 
* Now at the Institut du Radium, Paris. 
** National Science Faculty Fellow. 
*** On leave of absence from the University and Sec­
tion INFN of Milan. 
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CERN - Ecole Polytechnique Collaboration -
jr''"d at 6 GeV/c. 
68 000 pictures have been taken at CERN with 
the 81 cm Saclay bubble chamber filled with deu­
terium. 
From complete scanning, we have selected 
1 262 events of the type ^'''d— ppn'^'n'. This sam­
ple is made of 468 four-prongs (both protons vis­
ible) and 794 three-prongs (invisible spectator 
proton). Protons were identified by ionisation up 
to momenta of 1.3 GeV/c; this cut-off in the mo­
mentum recoil corresponds to a momentum trans­
fer ~ 1.25 (GeV/c)^; we checked that only few 
events lie above that limit. 
In the three-prong sample the fits are only one 
constraint. Further separation from events with 
additional was performed by checks on unfitted 
quantities taking Into account the Hultên distribu­
tion of the unseen proton. Residual contamination 
Figure 3'. Published paper 
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li lower than a% ana affecti in no particular way 
the events lying in the mass region to be discus­
sed in this paper. 
The jr^" effective mass distributions for 3 and 
4 prongs respectively show no significant dif­
ferences; the two samples have been added. How­
ever, 4-prong events with spectator proton faster 
than 0.3 GeV/c were removed, since they can 
hardly be attributed to an interaction on a quasi-
free neutron. 
ir*d-pp n'n- 6 
104# 
ff ewntt with 
#44 tv»ntt 
Hodlfi tpK* 
* 
rd.i a«v/« 
1046 tv»nts 
(without ê cut ) 
Fig. 1. Invariant mass ït ir in reaction ir d —• PPff TT . 
The shaded area corresponds to a quadrimomentuin 
transfer to the system lower than 0.2 (GeV/c)^. 
Fig. 1 shows the distribution of the 1046 re­
maining events. Besides important p and fP pro­
ductions an enhancement is observed at about 
1.65 GeV. The shaded events have a momentum 
transfer lower than 0.2 (GeV/c)^. 
The enhancement cannot be attributed to a re-: 
flection of N* production: when removing events 
in the N* mass region (up to 1.6 GeV v-p mass), 
the enhancement remains. 
The statistical significance of the peak, as­
suming a modified phase space weighted by the 
observed momentum transfer distribution, is of 
the order of three standard deviations, about 
35 events above background. 
The variation of the asymmetry parameter 
{F-B)/(F+B) with the effective two-pion mass 
is shown in fig. 2. The general behaviour is 
quite as expected: the aaymmetry is positive in 
-4 
Fig. 2. Forward-baclcward asymmetry parameter of 
the outgoing ïï''' in the centre of mass system, 
relative to incident JT^. 
the p region, it vanishes at the f° mass and then 
rises again; this rise corresponds to the pre­
dominance in the high mass region of a peripheral 
process for which the incident tt"*" conserves most 
of its momentum. However, there is an indica­
tion that in the 1.6 GeV mass region the rise is 
perturbed : on the plot, one point lies off the oth­
erwise smooth line by 2.2 standard deviations. 
This constitutes independent indication in favour 
of a resonance in that region. 
Estimation of the cross section, is not an easy 
matter. The mass distribution after cut 
(shaded events fig. 1) suggests that most events 
in the region 1.6 to 1.8 GeV belong to one single 
structure. This affords an upper limit estimation 
of the cross section a = 61 ± 8 m barns (statisti­
cal errors). On the other hand, taking into ac­
count only the events above the modified phase 
space, we obtain a somewhat lower estimate of 
the cross section a = 35 ± 9 /ib (35 events); as­
suming that resonant events are forward-back­
ward symmetric, this value is confirmed from 
the angular distribution in the 1.6 - 1.8 mass 
region in which, in addition to a strong forward 
peak, about 40 events contribute to a flat distri­
bution. 
The central value of the mass is 1.66 ± 0.04 
GeV (the error includes possible systematic 
shifts due to the neighbouring f" production and 
to the shape of the factorised phase space). Full 
width estimation is 0.17 ± 0.04 GeV. 
f-spin 0, 1 and 2 assignments for the postu­
lated resonance, gives expected cross sections 
for the neutral mode (ir°ff°) which are respec­
tively à, 0 and 2 times the charged one; (i.e. 
18 è 5, 0, 70 ± 18 fibarn, using our lowest cross 
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section estimation for the charged mode). No ac­
cumulation In the corresponding mass region was 
observed in the events of type T+d —• p p + neutrals 
[1], from which data we can infer an upper limit 
to the cross section of 35 /ibarns. We therefore 
conclude that T-spln 2 Is highly improbable. 
Orsay -Milan-Saclay Collaboration - jr'p at 
8 GeV/c. 
This experiment was performed in the EP 
heavy liquid bubble chamber [2] (100x50x50cm^), 
(B = 20.3 kgauss) used with a new technique ; 
A liquid Hg target [3] was mounted inside the 
chamber which was filled with CgFgCl (A^ = 25 
cm). The purpose of this was to combine the ad­
vantages of a pure target with high gamma de­
tection efficiency (> 85%). The Incident 8 GeV/c tt' pencil beam, after traversing the target (20 
cm long) escaped through a narrow vacuum tube. 
This tube allows a beam intensity sufficiently 
high to obtain one H2 interaction per picture 
without confusing interactions in the liquid. 
220 000 pictures were taken in these condi­
tions. These pictures were completely scanned 
for beam Interactions in the target and only two-
prong events with no gammas and no stopping 
proton (p ^ 650 MeV/c) were considered. These 
events were geometrically fitted to find the in­
teraction point. Those in hydrogen were then 
2£ 
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klnematically fitted to the two hypothesis : 
tt'P — n+n'n (A) 
ir'p — ?r"p (B) 
Only events which fit A alone have been kept. 
Events which fit both hypothesis are 16% of the 
total and have been rejected. In the final sample 
the number of A events thus missed is < 7% and 
there are less than 2% elastic scattering remain­
ing. This was estimated from the unfitted missing 
mass distribution and from the observed elastic 
events with stopping proton. Both types corre­
spond to large mass events (> 2 000 MeV in most 
cases) and also large momentum transfer events. 
Thus this does not perturb our distribution of 
mass or asymmetry below 2 GeV. 
The background of jr"p -• T+%"n + Xir° events 
is also negligible (< 2%) due essentially to high 
y detection efficiency. 
Thus we are left with 604 events. 
The tt'V" invariant mass distribution for the 
total sample is plotted in fig. 3a. We observe the 
Po and fjj resonances and an enhancement at 
1675 MeV. No indication of N* production is ob­
served, thus this effect appears not to be cor­
related to the N*. By taking events with low mo­
mentum transfer <0.3 GeV^) essentially only 
background Is removed (fig. 4a). The enhance-
50MtV ïï-p-»w^ irTi e  BTFC 
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Fig. 3. Total sample, a) ir^ir' mass plot for the reaction Fig. 4. <0.3 (QeV)^, same distributions as fig. 3, 
ff"p —' v*irn. b) Forward-backward asymmetry of the 
outgoing ir" In the ir n~ centre of mass system relative 
to incident tt". 
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ment then corresponds to ~ 2.5 standard devia­
tions above the neighbouring intervals and to 
~ 3.5 standard deviations above a phase space 
curve modified by a factor (A= 8.0 GeV"^) 
and Breit-Wlgner distributions for Pq and f^ 
(solid curve). The dotted curve contains in ad­
dition a Brelt-Wlgner distribution at a mass of 
1675 MeV and with a width of 200 MeV. This 
curve fits reasonably well with a very low pro­
portion of phase space. 
Another indication is given by the distribution 
of the forward-backward asymmetry of the jttt 
scattering angle in the centre of mass sys­
tem. This distribution (fig. 3b, 4b) is consistent 
with previous results in the Pq and fg regions. 
After the f^, the slow rise to 1 previously ob­
served at lower energy [4] and expected from high 
energy diffraction effects is suddenly stopped as 
the asymmetry drops down in the region of the 
above mentioned enhancement, then climbing 
again at higher masses. In this region, the mini­
mum of the asymmetry lies 2 to 3 standard devi­
ations from the crest on either side and is com­
patible with zero. 
The coincidence of these two phenomena in 
the same mass region supports the hypothesis 
of a new resonance, produced peripherally as 
Po and fg. Its parameters are found to be 
(1675 ± 35) MeV 
r = ( 200 ± 50) MeV 
a(jr"p — 1675 + n) = (100 ± 25) fib . 
Conclusion. The experiments described above 
show two striking common features in the 
system around 1.65 GeV: a peak in the mass 
spectrum and a discontinuity in the variation of 
the forward backward asymmetry, (These two 
effects are experimentally uncorrelated,) None 
of these observations alone has a very high sta­
tistical significance; however, their recurrence 
15 July 1985 
in experiments made at different incident ener­
gies and involving different techniques, appears 
sufficient to exclude any explanation based on 
statistical fluctuations. Besides, these energy 
independent effects concern events produced at 
low momentum transfer. Their most sensible 
explanation is to attribute them to a resonance 
peripherally produced which we propose to call g. 
Mass and full width best estimations are : 
M = 1,67 ± 0.03 GeV, r = 0.18 ± 0.04 GeV, 
Isospin 2 is ruled out with high probability 
from the upper limit estimate of the 27r° decay 
cross section in the ir'^'d experiment. From lack 
of statistics, both isospin 0 and 1 remain pos­
sible. We have for the time no information con­
cerning spin and parity. 
The Saclay- Orsay- Bologna- Collaboration has 
studied the 4.5 GeV/c interactions on deute- ' 
rium. Features closely resembling ours are ob­
served, although the incident energy lies just 
above the 1.65 GeV production threshold. We 
kindly thank the authors for this information. 
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A. Lagarrigue, L. Leprince-Rlnguet, D. Morellet, 
F. Muller and Ch. Peyrou for their continued in­
terest and support. We are greatly indebted to 
the CERN PS staff, crew of bubble chambers, 
memberrs of the TC division and visitors respon­
sible for the beams. 
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